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Unique aspects of the grass cell wall
John Vogel
Grasses are amongst the most important crops worldwide, and

the composition of their cell walls is critical for uses as food,

feed, and energy crops. Grass cell walls differ dramatically from

dicot cell walls in terms of the major structural polysaccharides

present, how those polysaccharides are linked together, and

the abundance and importance of pectins, proteins and

phenolic compounds. Recent advances, spurred by the

availability of genomic resources for several plant species,

include the characterization of cellulose synthase like (Csl)

gene families that are unique to the grasses and the

demonstration that members of one of those gene families,

CslF, are responsible for making the mixed linkage glucans that

are unique to the order Poales.
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Introduction
Grasses provide the majority of calories consumed by

humans either directly through the consumption of grains

or indirectly through animals fed a diet of grains and

forage. Grass cell walls are a major source of dietary fiber

that provides numerous health benefits beyond simply

providing calories [1,2]. Furthermore, grass cell walls are

poised to become a significant source of renewable energy

because the sugars locked in the polysaccharides of the

cell wall can be converted into liquid fuel (e.g. ethanol,

butanol) and the entire cell wall can be burned to produce

heat or electricity [3�,4�,5].

Significant compositional differences between grass and

dicot cell walls have been known for some time (Table 1)

[6]. Whereas the overall architectures of grass and dicot cell

walls are similar in that they both consist of a network of

cellulose fibers surrounded by a matrix of non-cellulosic

polysaccharides, they differ considerably in the types and

relative abundance of non-cellulosic polysaccharides,

cross-linking of the polysaccharides, and abundance of
www.sciencedirect.com
proteins and phenolic compounds. Primary cell walls of

flowering plants can be divided into two broad categories

[6,7]. Type I cell walls, found in dicots, noncommelinoid

monocots (e.g. aroids, alismatids, and lilioids), and gym-

nosperms, consist of cellulose fibers encased in a network

of xyloglucan (XyG), pectin and structural proteins. Type

II cell walls, found only in the commelinoid monocots (e.g.

grasses, sedges, rushes, and gingers), are composed of

cellulose fibers encased in glucuronoarabinoxylans

(GAX), high levels of hydroxycinnamates, and very low

levels of pectin and structural proteins. In addition, the cell

walls of grasses (family Poaceae) and some related families

in the order Poales contain significant quantities of mixed

linkage glucans (MLG) [8].

Historically, studying the enzymes required for the bio-

synthesis of cell wall polysaccharides has been extremely

challenging for several reasons: these enzymes are inte-

gral membrane proteins, activity assays are difficult, and

the enzymes quickly lose activity or require unknown co-

factors [9��,10�,11]. Studying the role of specific genes has

been further complicated by the inherent plasticity of the

cell wall and genetic redundancy that interfere with the

identification of mutations clearly associated with one cell

wall component. Fortunately, the development of power-

ful genomic tools has provided the toehold necessary to

begin solving the mysteries of cell wall biosynthesis. This

review will give a brief overview of the compositional

difference between dicot and grass cell walls and survey

recent advances in our knowledge of the genes respon-

sible for the biosynthesis of the unique grass cell wall.

Polysaccharide component
A milestone in our understanding of the biosynthesis of

cell wall polysaccharides was the identification of cellu-

lose synthase A (CesA) as the catalytic subunit of the

cellulose synthase complex (reviewed in [12�]). The

CesA gene family is present in all seed plants examined

to date in addition to the moss Physcomitrella patens [13].

Thus, cellulose biosynthesis is probably very similar in

both grasses and dicots and will not be considered further

here. However, since the b1–4 linkages of cellulose are

similar to the linkages found in the backbones of the

hemicelluloses (XyG, GAX, (gluco)mannan, and MLG)

it has been postulated that cellulose synthase like (Csl)

genes might be responsible for the biosynthesis of glycan

backbones in the Golgi [14]. Csl genes have been divided

into eight families, CslA thru CslH [14,15]. Even at this

global level there are obvious differences between

grasses and dicots. The CslF and CslH families are

unique to the grasses whereas CslB and CslG are unique

to the dicots. The remaining families are represented in
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mailto:john.vogel@ars.usda.gov
http://dx.doi.org/10.1016/j.pbi.2008.03.002


302 Physiology and metabolism

Table 1

Approximate compositiona (% dry weight) of typical dicot and grass primary and secondary cell walls

Primary wall Secondary wall

Grass Dicot Grass Dicot

Cellulose 20–30b,c 15–30c,d,e 35–45c,f 45–50c

Hemicelluloses

Xylans 20–40d 5c 40–50c,g 20–30c,g

MLG 10–30d Absent Minor Absent

XyG 1–5c,d,g 20–25g Minor Minor

Mannans and glucomannans Minor 5–10d Minor 3–5g

Pectins 5c 20–35d 0.1c 0.1c

Structural proteins 1d 10d,e Minor Minor

Phenolics

Ferulic acid and r-coumaric acid 1–5c,d Minor (except order

Caryophyllales)

0.5–1.5c Minor (except order

Caryophyllales)

Lignin Minor Minor 20c 7–10c

Silica 5–15c Variable

a Numbers in this table were taken from several sources to provide rough approximations of generalized cell wall composition from typical dicots and

grasses. Some of the numbers are averages or ranges based on multiple sources.
b [32].
c [37].
d [64].
e [65].
f [36].
g [31].
both grasses and dicots. Thus, it seems logical that CslA,

CslC, CslD, and CslE might synthesize glycans that

occur in both dicots and grasses whereas the other Csls

might synthesize lineage-specific glycans.

A CslA family member from guar (a dicot) was shown to

synthesize mannan and glucomannan when expressed in

transgenic soybean cells [16]. Further examination of the

CslA family showed that members from both dicots and

grasses synthesize mannan and glucomannan [17] (Glu-

co)mannans are minor components of both dicot and grass

primary cell walls and are the major hemicellulose of

gymnosperm wood [17]. Another development in support

of the Csl hypothesis was the demonstration that a CslC

family member from nasturtium can synthesize the XyG

backbone when expressed in yeast [18��]. A number of

glycosyl transferases that add side chains to XyG have also

been identified, making XyG biosynthesis the best

understood of any hemicellulose [10�,19]. However, since

XyG and (gluco)mannan occur in dicots and are only

minor components of grass cell walls, these developments

do not increase our understanding of what makes grass

cell walls unique.

MLGs (also known as b-glucans) are unbranched homo-

polymers of glucose that are unusual in that they contain

both b1,3- and b1,4-linkages (Figure 1). MLGs are

unique to the cell walls of grasses (family Poaceae) and

a few related families from the order Poales [20]. MLGs

have been observed in the cell walls of many vegetative

cell types using immunogold labeling [21,22] and are
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found in high concentrations in the endosperm of some

grains where they act as storage carbohydrates [23,24].

The concentration of MLG in vegetative cells is highly

correlated with cell growth and peaks at the same time as

cell expansion suggesting that MLG plays a role in cell

expansion [23,25]. A direct role for MLG in cell expansion

has yet to be demonstrated, and it is unclear if MLG

degradation is necessary or if a slippage mechanism,

perhaps mediated by an expansion-like activity, is

involved [25,26,27�]. From a practical standpoint, MLG

has been shown to be beneficial in the treatment or

prevention of several human health conditions (high

cholesterol, cardiovascular disease, obesity, and non-insu-

lin dependent diabetes) but to be problematic for brewers

and antinutritive for monogastric animals [28,29].

Perhaps the greatest advance in understanding the

unique biology of grass cell walls was the demonstration

that members of the grass-specific CslF gene family are

involved in the synthesis of MLG [30��]. Burton et al.
mapped a barley quantitative trait locus for MLG content

to the corresponding region of the rice genome and found

six CslF genes in the region. When these genes were

expressed in Arabidopsis, which lacks endogenous CslF

genes and MLG, low levels of MLG were detected using

anti-MLG antibodies. This remarkable finding indicates

that although dicot cells lack CslF, they contain any

additional machinery (nucleotide sugar donors, primers

and co-factors) required for MLG synthesis. However,

the dicot environment is clearly not optimal for MLG

synthesis because, despite the presence of large amounts
www.sciencedirect.com
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Figure 1

Hemicellulose structures. (a) GAX consists of a b(1,4) linked xylose (Xyl) backbone substituted with arabinose (Ara) (mainly attached at the O-3

position) and less frequently with glucuronic acid (GlcA) (mainly attached at the O-2 position) in a non-repeating fashion. GAX is highly

substituted in the Golgi and then some of the Ara and GlcA units are removed in the cell wall. Ferulic acid (FA) is attached to the Ara side chains

through various linkages. (b) MLG consists of an unbranched polymer of glucose (Glc) in which variable length stretches of b(1,4) linked Glc

units are interrupted with single b(1,3) linked Glc units. The b(1,3) linkages cause the polymer to bend. (c) XyG is composed of a b(1,4)

linked Glc backbone substituted in a repeating pattern of four Glc units. The nature of the side chains varies depending on the species. One

typical repeat unit containing Xyl, Gal, and fucose (Fuc) is shown. (c) Glucomannans consist of a b(1,4) linked backbone containing both

mannose (Man) and Glc. The polymer is variably substituted with galactose (Gal) ranging from not substituted at all to highly substituted.

Mannans are similar except they do not contain Glc.
of CslF transcript, only minute amounts of MLG were

produced.

GAX, the major hemicellulose in grass cell walls, is com-

posed of a b1,4-linked xylose backbone with single arabi-

nose and glucuronic acid side chains primarily attached at

the O-3 and O-2 positions, respectively (Figure 1) (for a

review of hemicellulose structures see [31], for a general

review of xylan biosynthesis, readers are directed to the

article by York and O’Neill in this issue). Some grains

accumulate large quantities of xylans that contain little

glucuronic acid and the polymer is called arabinoxylan.

Although xylans are also present in low amounts in dicot
www.sciencedirect.com
primary cell walls, these xylans contain primarily glucuro-

nic acid and methyl glucuronic acid side-chains attached at

the O-2 position of the xylosyl units. GAX in grass primary

cell walls takes the place of XyG in dicot primary cell walls

and cross-links cellulose microfibrils as discussed below.

The enzymes that synthesize the xylan backbone remain

to be identified, and some evidence suggests that these

genes may not belong to the Csl family. Expression of

genes from CslA, CslC, CslD, CslE, and CslH families in

insect cells did not produce xylans suggesting other roles

for these genes [9��]. It is conceivable that insect cells lack

co-factors, substrates, or oligosaccharide primers necessary

for xylan synthesis. However, when engineered to express
Current Opinion in Plant Biology 2008, 11:301–307
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CslA, insect cells do support (gluco)mannan synthesis. A

bioinformatic approach to identify candidates for xylan

synthase genes from public EST data identified candidates

from several glycosyltransferase families including GT43,

GT47, and GT61 [32]. Two Arabidopsis glycosyltrans-

ferases, IRX8 and FRA8, are strong candidates for genes

that add side chains to xylans in dicots [33,34]. Mutations in

these genes result in dramatically reduced xylan levels.

This suggests that side chains may be added at the time of

xylan backbone synthesis and that this addition may be

necessary for xylan elongation. However, the grass glyco-

syltransferases that add arabinose and glucuronic acid are

still unknown.

Hydroxycinnamates and protein
An unusual feature of grass primary and secondary cell

walls is the presence of significant quantities of the hydro-

xycinnamates ferulic acid (up to 4%) and r-coumaric acid

(up to 3%) [35,36]. These hydroxycinnamates exist as

unbound acids or ester- and ether-linked to the arabinosyl

units of GAX (Figure 1) and to various positions in lignin

[37–39]. The ferulate residues can dimerize through ester

and ether linkages and cross link adjacent GAX molecules

[40]. In addition to dimers, more complex linkages have

been observed [39]. Thus, ferulic acid seems to function

like the structural proteins that cross-link XyG in dicot cell

walls (for a review of cross linking and cell wall structure

readers are directed to the article by McCann and Roberts,

this issue). The decoration of GAX by hydroxycinnamates

contributes to the indigestibility of this cell wall fraction in

grasses and makes grass cell walls harder to saccharify for

ethanol production. In addition, ferulic acid is inhibitory to

the yeast used to ferment the sugars derived from cell walls

into ethanol [43]. Ferulate and r-coumarate are also pre-

sent in significant quantities in the primary cell walls in one

dicot order, the Caryophyllales, which includes crops like

beet and spinach [41]. However, these dicot hydroxycin-

namates are linked to arabinosyl and galactosyl units in

pectin rather than GAX. Ferulic acid has also been found in

significant quantities in the primary cell walls of all gym-

nosperms examined to date [42].

Cell wall proteins (CWP) range from structural proteins

that are strongly or covalently attached to the polysacchar-

ides all the way to loosely attached or soluble proteins.

Structural CWP are much less abundant in the grasses than

in dicots (Table 1). Recently, water-soluble and loosely

ionically bound, CWP from maize were surveyed using a

proteomic approach [44] and, perhaps not surprisingly, the

majority of the CWP identified had previously been found

in dicots. However, a significant proportion (18%) was

unique to maize. One of these was an endo-1,3;1,4-b-D-

glucanase, which makes sense because the tissue sampled

was rapidly elongating roots. Although it is too early to

gauge the importance of the protein differences observed

in the water-soluble and loosely ionically bound CWP, this

data may provide clues to processes like cell expansion.
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Secondary cell walls and lignin
The majority of cell wall research in both dicots and

grasses has focused on the primary cell wall. However,

since the secondary cell walls of grasses comprise at least

50% of the cell wall mass in both leaves and stems, it

cannot be ignored [45,46]. Secondary cell walls are depos-

ited inside of the primary cell walls and are prominent

features of xylem, fibers and sclerenchyma. The typical

grass secondary cell wall is largely composed of cellulose,

GAX, and lignin (Table 1). The GAX found in secondary

cell walls has fewer side-chains than the GAX of primary

cell walls. This results in a stronger GAX-cellulose inter-

action. Dicot secondary cell walls are also composed of

cellulose, xylans, and lignin. However, dicot xylans differ

from grass GAX as described above.

Lignin comprises a substantial portion (�20%) of the

grass secondary cell wall and essentially fills the pores

between the polysaccharides. Grass lignin is similar to

dicot lignin in that it is primarily composed of guaiacyl

(�35–49%) and syringyl (�40–61%) units. However, grass

lignin also contains a small but significant percentage

(�4–15%) of r-hydroxyphenyl units that are only found

in trace levels in dicot lignin [40]. At this time, the

biosynthesis and assembly of the monolignols appears

to be similar in dicots and grasses [47,48]. Unlike dicots,

grass lignin contains substantial amounts of ferulic acid

and r-coumaric acid [45,46]. Ferulic acid residues

attached to GAX may serve as nucleation sites for lignin

formation [49–51].

The brown-midrib (bm) mutations in maize, sorghum, and

millet have been known to decrease lignin content and

affect lignin composition for many years. In maize, four

bm loci have been identified, bm1-bm4, and readers are

directed to a recent review [52] for a more detailed

description. Despite having been identified over 40 years

ago, only two maize bm loci have been associated with

genes. Not surprisingly, both bm loci affect genes

involved in the biosynthesis of lignin monomers: bm3
by mutations in caffeic acid O-methyl transferase and bm1
is associated with reduced cinnamyl alcohol dehydrogen-

ase activity, possibly because of a mutation in a regulatory

gene or region. Recently, expression profiling was used to

identify genes differentially expressed among bm1-bm4.

Using a small macroarray of 144 cell wall-related genes,

Guillaumie et al. identified 69 genes that were differen-

tially expressed in at least one of the four bm mutants [53].

A combination of microarray (containing 9841 genes) and

suppression subtractive hybridization analysis was used

by Shi et al. [54] to identify a large number (>1000) of

differentially expressed genes. The large number of

genes differentially expressed in the bm mutants high-

lights the interconnected nature of cell wall metabolism.

Few genes that control secondary cell wall biosynthesis

have been identified. The cobra gene and several related
www.sciencedirect.com
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cobra-like genes have been shown to be critical for normal

secondary cell wall development in Arabidopsis. It has

been hypothesized that the glycosylphosphatidylinositol

anchored COBRA protein guides the cellulose synthase

complex along microtubules to maintain proper

cellulose microfibril orientation [55]. The cobra-like

genes, brittle culm 1 (bc1) and brittle stalk 2 (bk2), from

rice and maize respectively, have been shown to be

required for normal secondary wall development

[56,57]. When these genes are mutated the stalks become

brittle because of greatly reduced secondary wall devel-

opment. Cellulose content is decreased and lignin makes

up a greater portion of the cell wall material, suggesting

that these genes are required for normal cellulose depo-

sition in the secondary cell wall. Interestingly, bc1 and bk2
mutant plants appear normal until they are mechanically

challenged when the compromise in stem strength

becomes obvious. This indicates that bc1 and bk2 are

only required for secondary cell wall growth. A phylogenic

analysis of the cobra like gene family (12 members in

Arabidopsis, 11 in rice, and 9 in maize (based on available

maize sequence)) revealed one grass-specific clade

suggesting that genes in this clade may perform a function

unique to the grasses [58].

Conclusions
Over the past several years, much progress has been made

in identifying the genes responsible for the biosynthesis of

the plant cell wall. However, given that only a handful of

the>1000 genes postulated to be involved in synthesizing

and remodeling the cell wall have been studied in detail,

much work remains. Recent progress stems in large part

from the development of powerful genomic tools for the

model plant Arabidopsis thaliana. Progress in understanding

theunique aspects ofgrasscell wallshas lagged that seen for

dicot cell walls due in part to the relatively small number of

research groups focused on the plant cell wall. This lack of

attention to plant cell walls in general and grass cell walls in

particular is not in sync with the enormous importance of

grasses as food, feed and, increasingly, fuel. However, the

last factor in this equation, fuel,promises tochangethe pace

of grass cell wall research. There is considerable interest in

developing perennial grasses (e.g. switchgrass and Mis-
canthus) as a source of secure, renewable energy. A glimpse

of the new emphasis being placed on understanding grass

cell walls can be seen in the commitment by the U.S.

Departments of Energy (DOE) and Agriculture (USDA)

to develop the small, rapid-cycling grass Brachypodium
distachyon into a truly tractable grass model system to

accelerate the development of grasses as biomass crops

[59�].While the detailedcomposition of Brachypodium cell

walls has not yet been published, preliminary measure-

ments indicate the that lignin and polysaccharide com-

ponents are typical for a grass (J. Ralph personal

communication). The DOE Joint Genome Institute

(http://www.jgi.doe.gov) is currently sequencing the Bra-
chypodium genome and it is anticipated that sequencing will
www.sciencedirect.com
be completed in 2008. The complete genome sequence

when coupled with other Brachypodium resources (e.g.

facile transformation [60,61], physical maps, BAC libraries

[62], EST sequences [63], linkage maps, and insertional

mutants) will convert this small, easily grown grass into a

powerful model system for grass cell wall research. The

increasing resources directed toward developing lignocel-

lulosic biomass as a fuel source along with the current and

emerging genomic resources for several species promises to

usher in a golden age of cell wall research.
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